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ABSTRACT

The =tudy of glasses has been important
historically because of their great technological useful-
ness. One class of these materiais, amorphous semicon-
ductors, has evoked a great deal of interest during the
past few years. This interest stems in part from the
fact that solid state physics, after attaining a remarkably
high level of scientific understanding of crystals, can
now hope for comparable achievements in connection with
disordered materials. Of equal importance is the fact
that the metastability of amorphous semiconductors provides
them with certain unique properties tirat may be of consid-

erable technological significance.

This report is intended to provide an overview
of the field, its present standing, and its promise. The
fundamental structural and electronic properties and the
present level of understanding of these properties is cf
primary concern. However, much of the progress in solid
state physics has traditionally been motivated >y techno-
logical considerations. The.efore, the principal aspects
of the physics underlying the more important amorphous
semiconductor devices are discussed, as well as the

technological setting in which this new field finds itself.
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PREFACE

As a result of increased scientific activity and
in the field of amorphous materials, the Office
Research agreed that the National Materials
Board (NMAB) of the National Research Council,
Academy of Sciences-National Academy of Engineering

an aospropriate committee study that would address

this challenging subject in a broad fundamental manner.

In this way, it was hoped that the study might be helpful

in organizing the presently available information about

the field, assessing its importance to physics and materials

research, and providing a perspective setting for future

investigations.

In this assignment, which was accepted in

October 1970, NMAB was requested to study those areas of

materials science and solid state physics that are pertinent

to:

(a)

(b)

(c)

(d)

(e)

the unique physical properties of amorphous
materials,

a characterization of amorphous materials and
the relation »~f physical properties to the
characterization parameters,

a description of the fundamental properties of
amorphous materials,

fruitful theoretical analyses of the disordered
state, and

a discussion of the physics underlying amorphous

semiconductor devices.

Y
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Based on its findings, the Committee was
requested to document in its final report "promising areas
of research appropriate to the opportunities and problems
and to suggest in this report the kind and extent of
research necessary to advance amorphous materials science

and technology."

Because of the nature of this request, the
Committee recognized that an adequate discussion would
involve placing the subject in its proper technological
setting., It was felt that this could be accomplished
without making definitive assessments of comparative tech-
nologies. The tutorial discussion givern in Section VII

should, however, provide some perspective.

In order to circumscribe the scope of the report,
the Office of Naval Research suggested that the amorphous
materials under the Committee's purview should include
primarily elements and mixtures of elements from Columns
IV, V, and VI of the periodic table and that materials like
gases, liquids, plastics, liquid crystals, organic materials,
structural materials such as amorphous alloys and carbon,
and both silicate ancd oxide glasses would be excluded from
extensive consideration. This delimitation of materials
appeared appropriate to the Committee since the semicon-
ducting glasses to be emrhasized here are just those
responsible for the great interest in this field that has
developed during the recent past. A4As already pointed out,

the oxide glasses are technologically very significant.
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Electronic phenomena in amorphous oxide films are the
subject of an extensive recent review (Dea 71).* A recent
study of interest concerning the physics of amorphous
materials in general was initiated by the British Science

Research Council (Sr 70).

Since it is the intent here to present a reason-
ably concise overview of this field with regard to its
present standing, its promise, and existing needs and
opportunities for further research, this report obviously
cannot present an encyclopedic survey even of the amorphous
materials that remain after the oxide and metallic glasses
have been eliminated. Accordingly, only those amorphous
semiconductors of greatest fundamental and/or technological
interest will be considered in any detail. These are the
elemental glasses, Se, Ge, and £€i and the chalcogenide
mixtures As-S, As-Se, Te-Ge, and Te-As-Si. The last three
have well known applications respectively in xerography

and memory and threshold switching.

The NMAB Ad Hoc Committee on the Fundamentals of
Amorphous Semiconductors was formed in October 1970 and con-
ducted its first meeting in November (9-10) 1970. The full

Committee held six formal two-day meetings during the

* The convention for referencing employed in this report
is explained at the beginning of Section IX which lists
the literature citations. Wherever possible throughout
the report, the references are to review articles rather

than the original papers. Such articles are marked R in
the reference section.
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period November 1970-June 1971. In addition there were
several smaller sessions involving various groups of

Committee members.
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I. INTRODUCTION

Glasses and Their Uses

It is customary to restrict the designation
®"glass" to those amorphous solids that have been formed by
cooling a liquid. HoweQer, it is doubtful that "glasses"
so defined difier sharply in microscopic character from
amorphous solids with the same composition formed in other
ways. Thus the terms "amorphous solids" and "“glasses"™ will
be taken to be equivalent in this report. Glasses can be
metallic, semiconducting, or insulating. The forées
bonding the atoms are analogous to those found in crystals.
The chemical bonding can be covalent, ionic, metallic, van
der Waals, or hydrogen bonding, or combinations of these.
Most glasses, however, fall into the predominantly covalent
category. Because of their metastability, glasses exhibit
properties that are quite unique and remarkable. They do
not undergo a first-order-phase transition at the melting
temperature. Instead, they soften gradually at sufficiently
high temperatures and pass more or less continuously into
the liquid state. Thé molten glass may either return to
its original state if it is cooled sufficiently rapidly,
or crystallize if it is cooled slowly. Glasses containing
several constituents may exhibit a separation into phases
having different compositions on a very minute spatial
scale. These structural transformations have a qualitative
influence on the electrical and optical properties in

various types of glasses. These are of interest not only




as phenomena in themselves but also because of their tech-
nological significance. Finally, the mere fact that
glasses are structurally disordered suggests that their
properties can be relatively insensitive to high-energy

radiation and bombardment.

The oxide glasses are, perhaps, the most familiar.

The soda-lime-silicate glasses (mixtures of Na_0, CaO, and

Sioz) are good dielectrics, thermal insulators? and optical
transmitters. Because they soften gradually with increasing
temperature, it is possible to pour, mold, roll, press, and
float ordinary window glass, processes that are essential

in its manufacture. Many, though not all, oxide glasses

are insulators with conductivities less than 10-8 Q-l cm-l.
This fact, as well as the natural tendency of metals to
oxidize, makes these materials very useful in solid state

device technology.

Semiconducting glasses (or vitreous semiconductors)
were not investigated to any large degree before 1955. 1In
contrast to the insulating glasses, the conductivity in
these substances is electronic rather than ionic. As a

result the conductivity is larger, ranging from 10"13-10“3

er cm-l. While some of the semiconducting glasses are
oxides, the most widely studied examples do not contain
oxygen. Instead they contain another constituent, such as
S, Se, Te of group six of the periodic table. Such elements
are called "chalcogens" and the glasses involving them are

known as chalcogenides. The chemical bonding in such

glasses is predominantly covalent with a smaller ionic
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contribution, although cases involving mixed covalent and

van der Waals binding are also frequently encountered in

materials such as Se.

The chalcogenide glasses have received a great
deal of attention because of their established or possible
importance in connection with electrophotography, infrared
transmitting windows, electronic switching, and electronic
l and optical memory applications. Work at Energy Conversion
Devices, Inc., (ECD) has particularly spurred the develop-

ment of applications for chalcogenide glasses.

Elemental amorphous Se has been investigated
extensively in part because it forms the essential ingre-
dient of the photosensor involved in xerography. In

practice the commercial compositions may contain some As

and traces of other elements. As-Se glasses have also

been studied at RCA in connection with vidicon applications.
Indeed, the fundamental properties of these gla:ses ".ave
received considerable attention both in this country and
the Soviet Union (Ko 64). The interest in technological

i applications of chalcogenide glasses has stimulated

E interest in other chalcogenide glass compositions, such as

those belonging to the Ge-Te family.

é Crystalline Si and Ge are among the best under-

' stood solids. Their amorphous forms are of interest

[ particularly in connection with fundamental research
directed toward exploring physical differences between the
crystalline and amorphous states. The delineation of these

differences would be expected to be simpler in elemental

gy




glasses that contain only structural and not compositional

disorder.

The metallic glasses usually occur as compounds
of the form A3B to ASB, where A is a noble or transition
metal and B is a metalloid like Si, Ge,. or P. While they
exhibit a variety of interesting properties including
radiation hardness, they have not as yet found significant
use in electronic technology. Since amorphous semiconductors
have been observed to crystallize in the neighborhood of
conventional metallic contacts, speculation has focused on

the possibility of using amorphous metal contacts on semi-

conducting glasses in order to prevent this from happening.

It should be emphasized that the study of glasses
is important, not only for technological reasons but also,
more fundamentally, because they are systems having struc-
tural and possibly compositional disorder. Until very
recently solid state physics has been concerned almost
exclusively with crystalline materials. Considerations
of disorder emphasized effects arising, for example, from
lattice vibrations, point defects, and impurities and
dislccations in small concentrations that only influence
the crystalline properties weakly. However, during recent
years, emphasis has been increasingly given to the inves-
tigation of the properties of strongly disordered materials,
such as liquids, binary substitutional alloys, and amor-
phous materials. Clearly, an increased understanding of
liquids and alloys will be of benefit to those investigating

amorphous semiconductors, just as further theoretical

vt
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insight concerning the materials considered in this report

will aid those investigating liquids and alloys.

Amorphous~Crystalline Transformations

The physical, chemical, and mechanical properties
of amorphous materials can all be strongly affected by the
transformation to the crystalline state. The changes in
electrical and optical properties have already been noted.
Some examples, representative of the extent of these changes,
may be useful. The room temperature resistivity of amor-
phous Ge and Si films can be as much as five orders of
magnitude larger than that of the corresponding polycrystal-
line films. The extent of the change depends sensitively
on the details of the film preparation. By contrast in
Aszs3 and Aszse3, the glasses are less resistive than the
corresponding crystals. The electrical band gap, as
determined from the temperature dependence of the conduc-
tivity, is respectively 0.2 and 0.55 eV in c-InSb and
a-InSb.* In c- and a-Te, the corresponding quantities are
0.33 and 0.87 eV. The index of refraction in Te and Se
decreases respectively by 49 percent and 12 percent in
going from the crystalline to the amorphous state. On the
other hand, in Ge the index chances but slightly in the
opposite direction. The foregoing results are representa-

tive of the simplest types of measurements. As will be

*In this report, the prefixes c- and a- will be used to
specify the crystalline and amorphous states of the given
material unless it is clear otherwise which is being
referred to.




seen later, even the Hall effect and thermoelectric power,
whose measurements represent no difficulty in many crystal-
line semiconductors, are still poorly established guanti-
tatively in amorphous materials. Further citation of
experimental results in the present context might therefore

be misleading.

There have been qualitative observations of
changes in chemical properties such as wettability,
reactivity, adhesion, and solubility resulting from
amorphous-crystalline transformations. Mechanical proper-
ties, such as bhardness, thermal expansion, and sound

velocity are similarly affected (Ov 71c).

This unique potential for change in amorphous
materials ic of both fundamental and technological
importance. Its measurement and interpretation is a
challengiﬁg and important problem for the solid state
physicist and chemist; its exploitation is a challenge for
the ingenious inventor. Proposals have been made to
utilize these and other effects for optical mass memories,
memory and threshold switches, electroluminescent displays,
non-impact lithographic plates, and imaging applications

including photography and copiers (Ov 71c).

As an example of how these unique properties
can be utilized technologically, the memory device takes
explicit advantage of the fact that glasses are energet-
ically metastable. 1In the Te-based glasses, the Te rich
phases tend to segregate from the rest at sufficiently

high temperatures. Such temperatures can be achieved by

e

3
3
;
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joule heating. Phase separation can also be achieved by
photocrystallization. Deperiding on the maximum tempera-
ture and the rate of cooling, the glass then settles
either into a state containing crystalline filaments or
returns to its initial amorphous state. The two differ by
orders of magnitude in conductivity. The mechanisms for

memory switching will be discussed in Section VI.

Qutline

In approaching this report, the reader should
bear in mind that the field of amorphous mater-ials is a
rapidly developing one. Some of the guesticus asked here
may well have been answered by the time this document
appears and others, perhaps not even alluded to, may have
taken their place. Neither should the reader expect a
comprehensive survey of the entire area, for this is not
meant to be a review in the sense the term is generally
understood by the scientific community. It can and should
be viewed as a broad survey addressed to those interested
in learning about the field, as well as the existing
incentives for pursuing investigations directed toward
either fundamental or technological ends. Not everyone
may necessarily be interested in all sections of this
report. The following outline may help the reader to find
the information he seeks. While the Committee has
assembled a fairly copious set of references, this list is
not meant to be in any sense complete. It is, nevertheless,

hoped that it will suffice to serve as an entry to various
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aspects of the literature.

Section II is concerned with the fundamental
ideas, already touched upon here, that underlie the
structure and the thermodynamic properties of glasses.

Such basic concepts as the "ideal®™ glass, the metastability
of the amorphous state, the parameters such as the glass
temperature which characterize a given material, and the
bonding forces are given detailed attention. These ideas
are of central importance because they lead to an under-
standing of effects, like phase separability and photo-

crystallizatiorn that are unique to the amorphous state.

The third section presents an overview of some
of the basic methods used to prepare amorphous materials
in either film or bulk form. The fourth section deals
with experimental tools that should be useful in charac-
terizing a glass. The delineation of parameters that must
be measured, in order to specify a given sample sufficiently
uniquely that it can be duplicated either at the same
laboratory or elsewhere, is of great importance. Unfor-
tunately, however, amorphous materials as prepared in the
laboratory are sufficiently complicated that it is
impossible to specify a set of such parameters completely

at the present time.

The fifth and longest section of the report is
concerned with the fundamental properties of some o7 the
extensively studied amorphous semiconductors, the inter-
pretation of these properties in terms of simple physical
models, as well as some of the basic approaches that may

be useful in the development of ab initio theories.




This section, which will be of principal interest to those
engaged in basic research, consists of several parts dealing
respectively with optical, electrical, magnetic, and lattice
properties, physical models, and basic theories. Of these,
the first four emphasize the experimental aspects of the
subject. An attempt is made to appraise the present state
of knowledge in terms of opportunities available for

further research. However, it must be realized that because
many experiments have not yet been done sufficiently
reproducibly on well-characterized samples, such an assess-
ment of opportunities is frequently based cn rather scant

information.

The remaining parts of this report are addressed
to the more dzvice-oriented scientists. Secticn VI is
concerned with device physics and presents an overview of
the phenomenology used to describe some of the more
familiar applications of amorphous materials, such as the
threshold switch, and the electrical and optical memories.
For completeness, some perspective comments concerning the
electronic applications of oxide glasses are made here.
Section VII attempts to survey the technological setting
in which the amorphous semiconductor technology finds
itself. 1In particular, it discusses some of the other
available or suggested technologies, whcose products perform
functions similar to those seen as promising in amorphous
semiconductor devices. Very few, if any, attempts will be
made to provide a relative assessment since this can be
done meaningfully only with access to proprietary information,
and because it is not the Committee's function to provide

such an appraisal. A broad-brush survey is included here
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to present as complete a picture as possible of the

amorphous semiconductor field.

Section VIII contains summary and perspective
statements as well as a variety of recommendations. Some
of these concern further research in various areis, which,
in the opinion of the Committee, might profitably be
pirsued in the future. These recommendations should be
viewed in the context of the discussion contained in the
body of the report. Section IX is devoted to literature

references.
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I1. STRUCTURE AND BONDING IN AMORPHOUS SOLIDS

Macroscopicaliy, the amorphous solid is distin-
guished from the fluid by its high resistance to shear
deformation, i.e., by its relatively high-shear viscosity.
Practically, we consider a body solid (Con 54) when its
shear viscosity, 1, exceeds 1015 poise though the "glass
temperature,” T , is taken to be the temperature at which
N = 1013 poise.g It is often found that the time constant,
v, for changes in molecular confiquration within an
amorphous system, scales roughly as the shear viscosity.
According to this scaling iaw, T should be of the order of
20 minutes at the glass temperature, and one day at

n= 1015 poise.

Microscopically, the basic distinction between
solids and fluids might be made in terms of the nature of
the molecular motions (Tu 69b); a substantial fraction of
these motions is translational or "diffusive™ in a fluid,
while in a solid, whether amorphous or crystalline, the
motions are almost wholly oscillatory. Thus, in contrast
with the fluid, in the solid there exists a well-defined
set of positions about which the molecules oscillate.
These positions are characterized by translational
symmetry in the crystal, but in an amorphous solid their
pattern is aperiodic. 1In the crystal, interpositional
changes of molecules occur without alteration of the
position pattern. Such interpositional exchanges do alter
the pattern in an amorphous material near its glass temper-

ature, but it is possible that they would not change the




pattern in the hypothetical “ideal” glass.

It has not been proven theoretically that the
state of minimum energy of any substance is crystalline
rather than amorphous. However, experiment has shown that
nearly all pure substances are more stable in some crystal-
line than in an amorphous solid form. It has been pointed
out (Tu 69b) that this generalization may not hold for

some systems that are constrained to be compositionally

disordered. However, it follows that to form an amorphous
solid, the ordering processes (crystallization in the case
of simple pure substances; compositional ordering followed
by crystallization for some mixtures) that are favored
thermodynamically must somehow be bypassed. This might be
accomplished, for example (Tu 69a), by cooling the liquid
at a sufficiently rapid rate or by various deposition

(vapor, electro, etc.) techniques.

When glass is formed by cooling a liquid, it is
often observed (Kau 48) that the heat capacity and thermal
expansivity drop sharply in the vicinity of Tg, as defined
above. However, the temperature at which these abrrpt
changes occur is lower for lower cooling rates, and it
simply marks the point below which the amorphous system is
no longer in internal configurational equilibrium. That
this equilibrium is not achieved in the glasses of ordinary
experience is to be expected in view of the very large
time constants noted earlier for configurational changes
at T < Tg. Also, it is not likely that amorphous solids

formed by the various deposition techniques are in intermal

R
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equilibrium. It follows that, at the same temperature and
pPressure, two amorphous solid specimens with the same
compositions may still differ somewhat in internal structufe.
This behavior is quite analogous to that of a compositionally
disordered crystalline alloy at temperatures where the time
constant for interpositional exchanges is very long. An
amorphous solid, if constrained from crystallizing, would
presumably relax after an infinite time to an "ideal”
amorphous state of minimum enthalpy and entropy (Gi 58,

Coh 60,64). The structural characteristics of ideal

glasses are considered later.

If we classify condensed materials according to
the type of bonding responsible for their coherence, i.e.,
covalent, metallic, ionic, van der Waalis, or hydrogen,
every class contains some members that can be put into the
amorphous solid form (Tu 69a). In general, the tendency
to amorphous solid formation is greatest in some covalently
bonded materials, and least in most ionic and metallically

bonded materials.

The problem of whether the structure of amorphous
solids is, in general, distinct and unique, or only
trivially different from that of a crystalline solid, has
persisted for a long while without being resolved defini-
tively. The continuous random models for amorphous
structure, of the type developed by Zachariasen (Zac 352),
Bernal, and others (Be 59,60a,60b,0W 70a), seem to be uniquely
different from crystal structures. At the other extreme,

there are the models based on the idea that the amorphous
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solid is an assembly of randomly oriented microcrystallites.
For the microcrystallite models to be meaningful, it appears
that the crystallite dimension should equal or exceed two
unit cell dimensions. At this dimension, most of the
material in the system would lie on crystallite boundaries,
and the atomic configurations across these boundaries

would be more important than those within the crystallites
for the over-all description of the amorphous structure

(Wwar 37). Model studies indicate that the atomic config-
urations connecting highly misoriented crystallites are
quite similar to some of the configurations in the contin-
uous random models; for example, j;entagonal arrangements
are often seen. This suggests the interesting possibility
that the strucvure of a microcrystallite assembly might
degenerate to a continuous random structure when the

crystallite size falls below a certain limit.

Dense Random Packing (DRP) of Hard Spheres

The coherence of those amorphous solids, with
which this study is primaril'’ concerned, is due mostly to
covalent bonding, as in amorphous germanium; a mixture of
covalent and van der Waals bonding, as in amorphous
selenium; or a mixture of covalent and ionic bonding, as
in the soda-lime-silicate glasses. However, it may be
instructive to consider first the nature of the Bernal
dense random packed structure (DRP structure) of uniform
hard spheres. This structure has a density about 86

percent that of crystalline close packing. It has been
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characterized by the distribution of its Wigner-Seitz

cells (voronoi polyhedra) amongst a small group of ideal
forms from which the actual forms of the cells can be
derived by small distortions. From this standpoint the
structure can be viewed as an admixture of crystallographic
cells and non-crystallographic cells (such as pentagonal
dodecahedra) . The unique feature of the structure is these
non-crystallographic elements. When short-range inter-
atomic interactions dominate, as in the condensation of
attracting uniform hard spheres, packing to form tetra-
hedral holes (e.g., rather than octahedral) will be
preferred. This should almost always lead to a randomly
packed structure. an expectation that was confirmed by
Bennett (Ben 70) in a study of computer-generated hard-

sphere structures.

Structure of Covalently Bound Amorphous Systems

In covalently bound systems, the analog of the

DRP structure is the random network type of structure that
was first proposed by Zachariasen (Zac 32?). Recent model
studies have shown that these structures can account
remarkably well for the pair distribution functions,
densities, and configurational entropies of tetrahedrally
coordinated amorphous systems. The models are constructed
according tc the following general procedure (Eh 70):

(1) the number of nearest neighbors, their average spacing,
and the dispersion of these spacings around the average is

made the same as in the corresponding crystal; (2) a




16

certain distribution of distortions of the bond angles

from their ideal crystal values is allowed; (3) the surface
density of dangling bonds is kept constant during the
building of the model. 1In this way an “ideal® amorphous
structure is formed, which can be enlarged inaefinitely
without the development of prohibitive strains. It has
been shown (Bel 66,Ev 66) that such a model satisfactorily
accounts for both the pair distribution function (PDF) and
density (97 percent of crystalline) of fused silica with
average distorticns of % 15° (maximum t* 30°) from the
average Si-0-Si bond angle taken to be 150° . Bell and

Dean also showed (Bel 68), by considering the options
availahle in enlarging the model according to the described
procedure, that the configurational entropy should fall
within the range of the observed values (ca.% k/molecule) for

the transition frnm cristobalite to fused silica. The
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described ruiéS™wers-uszed by Pclk  (Pnl 71) to build a
random network structure for the tetrahedrally coordinated
elements (see Fig.l). Average distortions of % 10°
(maximum £ 20°) above the ideal tetrahedral bond angle

were aliowed. The structure so formed had a density

97 £+ 2 percent of that of the crystal, and its PDF is in
excellent agreement with that of amorphous silicon as
determined by Moss and Graczyk (Mos 69). The local config-
urations in random network structures can also be charac-
terized by a small number of ideal forms, in this case
rings, from which the actual forms can be derived by small
distortions. As with the random sphere packing, it is

found that the amorphous structure viewed in this way is
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Fig. 1. Random network model for an ideal amorphous
structure of a tetrahedrally ccordinated element (Pol 71).
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an admixture of non-crystallographic and crystallographic
elements; for example, the Polk structure for amorphous Ge
and Si can be described as an assembly of 5- and 6-membered
rings. Similar structures have been generated recently by

computers (Sh 71,Hen 71).

Perhaps the most interesting and significant
feature of these random network structures is that, in
contrast with the DRP hard sphere structure (density 86
percent that of crystalline close packing), they exhibit
densities closely approaching those cf the corresponding
crystals. If the energies associated with distorting the
bond angles are not too large, this means that their
energies will be only a little larger than those of the
crystals, as is indeed observed. The question of the
dependence of energy on bond angle is an important one for
the relative stability of amorphous Ge and Si and it merits

further investigation.

Tiie random network structures that have been
discussed, containing no internal dangling bonds, represent
ideal structures, which may be more or less closely
approached by actual amorphous structures, and which might
be the end states of the thermal relaxation processes
discussed above. Depending upon their conditions of forma-
tion, the actual structures may contain considerable
numbers of internal dangling bonds and voids. Even so, the
structure of the greater part of the amorphous body might
approximate the ideal according to a "swiss cheese" model

(Eh 70).




19

A somewhat different view of the amorphous
structure of the tetrahedrally coordinated elements had
been proposed by Grigorivici and coworkers (Gr 68,69b).

In this model the 5- and 6-membered rings are little
distorted from their ideal forms and incorporated into the
structure so that only "staggered" and "eclipsed* config-
urations of two connecting tetrahedra appear. This scheme
would appear to minimize any energy due to bond distortions
but it does not permit indefinite enlargement of the
structure without prohibitive strains. The actual structure
would have then to be an assembly of more or less discrete
amorphous clusters or "amorphons" ccntaining a high concen-
tration of dangling bonds. Also, it appears that there
must be a substantial density deficit associated with such
an assembly but this problem seems to have been largely

neglected.

The problem of the inter-domain boundary volume
contribution is also a troubling one in the application of
the microcrystallite models (War 37). It was considered
by Cargill (Car 70) when he tested these models with the
structures of metallic glasses but it appears to have been
largely ignored in the interpretation of covalently bound
glass structures in terms of the model. Cargill showed
that a deficit of 1/4 to 1/3 monolayer at the boundaries
would lead to a very large decrease in bulk density at the

crystallite sizes required to account for the x-ray inter-

ference function.




20

Experiment suggests that in amorphous semi-
conductors generally, as well as in tetrahedrally coordinated
systems, the nearest neighbor coordination required by the
generally accepted chemical valence, usually as specified
by the 8-N rule, is mostly realized. The "ideal" covalent
amorphous structure is considered to be one in which every
atom is bonded to the proper number of nearest neighbors
to satisfy its valence requirements. The definition may
also include limits on the permissible deviations of bond
lengths and bond angles from their crystalline values.

An actual amorphous material will, in general, contain,
besides the defects noted earlier, a number of unsatisfied

valences.

The group V elements, e.g., As and Sb can
crystallize into a 3-coordinated network in which each
atom is at the apex of a pyramid formed by the bonds to
the three atoms with which it coordinates. These groups
are bound together in puckered 2-dimensional layers that
are stacked, partly by van der Waals binding, to form the
crystal. A random network, which can be a fully connected
3-dimensional one, can be formed from such a 3-coordinated
system by distortions of the ideal A-A-A bond angle (about
98° for the arsenic structure). The Aszs3 and ASZSe3
amorphous structures might be regarded as having been
generated by the insertion of S or Se atoms between each

As-As closest pair of the amorphous As structure. The

SiO2 and Si amorphous structures may be rzlated similarly.
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In 2-coordinated systems, such as Se and Te, an
amorphous structure can be formed without any bond distor-
tions by rotation of neighboring chain segments randomly
relative to each other. In this way, a long chain takes
the form of a random coil. In an actual system, these
coils will interpenetrate and there will be strong van der
Waals interactions between neighboring segments cof a coil.
It is now believed (Lu 69) that in addition to coils,
amorphous Se contains quite a large admixture of rings,
primarily 8-membered, which are bound into the structure
by van der Waals forces, and possibly by interlocking with

coils.

Mott (Mo 67b) suggested that in amorphous
semiconductor sclutions, in contrast with crystalline
solutions, the chemical valence of each constituent atom
is everywhere satisfied. This view seems to be supported
by most of the experimental evidence. 1In glasses formed
by slow cooling of melts, there probably is enough time
for the achievement of this chemical valence satisfaction
when it is energetically preferred. However, as Mott noted,
this ideal chemical bonding might not be fully realized
under some conditions of amorphous solid formation by vapor
quenching. Strong evidence for the attainment of local
valence satisfaction by covalent bonding was obtained for
the Te-Ge amorphous system by Bienenstock and coworkers
(Bi 70). 1In the Te rich alloys, the tetrahedral coordina-

tion of the Ge results in the cross-linking of the Te

chains into an amorphous 3-dimensional network.
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Phase Separation and Crystallization of Amorphous Systems

To this point we have considered only the forma-
tion and structure of a single amorphous solid phase. As
we noted, such a phase is not the thermodynamically most
stable one and so it may evolve in a variety of ways into
a thermodynamically more stable polyphase system. A complete
characterization of the structure then requires information
about the spatial distribution of the several phases, as
well as of the molecular configuration within each phase.
To discuss this characterization, it will be helpful to
define the various temperatures that are pertinent in the
structural evolution. The glass temperature, Tg’ nas
already peen defined. The thermodynamic crystallization
temperature, th (often designated Tm), is the teirperature
at which the liquid coexists in equilibrium with one or

more crystalline phases; it lies well above Tg. Liquids

containing two or more components often are prone to
separate into two liquid phases. The temperature at which
phase separation becomes thermodynamically possible at a

given composition will be denoted by Ttp' Ooften liquid
immiscibility gaps open only in the temperature range where
the liquid would be undercooled; i.e., Ttp falls well below

th for many liquids.

ey S o

The isothermal time constants for both crystal
growth and phase separation in covalently bound systems
are usually found to scale roughly as the shear viscosity
(Tu 6%9a). Consequently, the rate of structural evolution

in an amorphous system usually becomes very sluggish and
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often imperceptible at temperatures below Tg' Crystalliza-
tion of amorphous phases may, under certain conditions,
occur fairly rapidly at temperatures between Tg and T_ .

tc
Sometimes a term, kinetic crystallization temperature,

Txe?
is used to denote the temperature at which the crystalliza-
tion rate becomes very rapid. However, this term can be
quite misleading since the crystallization rate depends
critically on the seed (nucleation center) density and may
be substantial over a considerable temperature range (Tu 69a).
It is probable that most covalent amorphous solids,
especially films on substrates, already contain a consicd-
erable density of nucleation centers so that their crystal-
lization may be governed primarily by the crystal growth
rate, u. This rate is generally described as the product
of two factors, u = fl(AT) fz(T): one, fl(AT). is a
thermodynamic factor which increases at a moderate rate
with the undercooling (th - T = 4T), and fz(T) is a
kinetic factor which decreases sharply with decreasing
temperature, T (Tu 69a). In covalently bound systems, the
possibility exists that the kinetic factor in crystal
growth can be sharply increased by extraneous effects such
as trace impurities (Tu 58) or photon absorption, which
might lead to the breaking of covalent boncs. Such effects
seem fairly well documented in the crystailization of
amorphous selenium. For example, halogen additions
markedly reduce the viscosity of liquid selenium and
increase the crystal growth rate (Ke 67), presumably by
breaking bonds and thus reducing the length of the selenium

chains. Also, Dresner and Stringfellow (Dr 68) have
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demonstrated a marked photoenhancement of the crystal
growth rate in amorphous selenium. More recently, Feinleib,
et al (Fe 71), have reported a marked photoenhancement of

the crystallization rate of Te-Ge based glasses.

As we have noted, a liquid consisting of two or
more chemical components often has a very strong thermo-
dynamic tendency to separate into two liquid phases when it
is undercooled to the vicinity of its glass temperature.
The reason for this is that Tg is quite low, relative to
the coherence energy of the system, so that there is little
entropic stabilization of the glass solution. Further,
most glass compositions will not correspond to any of those
most favored energetically (Morr -). These are likely to
be the pure components or a pair of ordered solutions, each
with some simple stoichiometric ratio (e.g., ASZSe3 or
GeTez). From this point of view, as was shown by Morral
and Cahn (Morr -), the thermodynamic tendency toward some
kind of phase separation will be greater the more compon-
ents there are in the solution. Further, the interfacial
tension between two amorphous phases is relatively small
and it vanishes altogether at the consolute (critical

solution) temperature (Ca 68). Consequently, at wide

departures from equilibrium, phase separation in amorphous
solutions can occur on a very fine spatial scale; e.q.,

a few tens of angstroms. Since the distances over which
diffusion must occur are so very small, phase separation
is very rapid and difficult to suppress even when the
viscosity of the system is as high as, for example, 106

7 . . . .
to 10" poise. However, at this viscosity the phase
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separated structure, once formed, is likely to persist
(i.e., gravity segregati-.a of the separated phases will be
very slow) when the system is cooled into the glass state.
This means that there is a high probability that any
multicomponent glass form=d by cooling its melt will be
separated into two phases, often interdispersed on a very

fine spatial scale. Indeed, this phase separability

characteristic is, pernaps, one of the most unique and

valuable properties of multicomponent glass-forming systems.

It can be and has been exploited to achieve phase inter-
dispersion with much smalier periods than is possible by
other methods. Further, it often happens that one of the
liquid phases separating in this process can crystallize
very rapidly because it is more fluid and/or more under-
cooled than the parent liquid (Mau 64). This leads to a
body in which one of the interdispersed phases is crystal-
line. When phase separation occurs by a spinodal mechanism
(i.e., by amplification of periodic composition fluctuations)
(Ca 68,Hil 68), the two phases will be initially inter-
connected (Ca 65). Phase interconnectivity also c¢an be
established, following a nucleation and growth-phase
separation, Ly a conalescence process (Hal 65,Se 68). The
sequence of processes considered here may be summarized

as follows:
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T < Tt A liquid A glass
Homogeneous Viscous liquid P > ¢ » +

phase B liquid B crystal

separation

The rate of phase separation increases quite rapidly as
T-T increases. 1If one of the phases is easily crystal-
lizable, it may appear that the jnitial kinetic crystal-

lization temperature is almost indistinguishable from that

at which phase separation occurs.
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III1. PREPARATION

The basic goal in preparing amorphous materials
is to freeze them into a metastable state characterized
by the absence of long-range order. This can be accomplished
by a large number of methods that can be grouped into two
basic categoriez. One is to introduce disorder by thermal
methods, then to quench from the liquid or vapor to below
T sufficiently rapidly to prevent the achievement of
igternal.configurational equilibrium. The other is to
create the disorder in 2 solid below the temperature at
which it can regain long-range order in the time scale ot
the experiment. Different methods may or may not give
equivalent films for a variety of reasons which are often

difficult to determine.

While the causes of non-reproducibility among
samples may be determined by application of the character-
ization techniques discussed in the next section, it is
during the preparation steps that it is created and the
possibility of control exists. Although glasses may
approach an "ideal" metastable non-crystalline state
(Sec.II), they can be quenched into many other metastable
states making structure and properties préparation depen-
dent. Control over compositicn and purity is also poorer
than with crystalline materials since the potential for
impurity rejection or leveling during crystal growth is

lost.

The glasses of interest here represent a broad
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range of preparative challenges. Se and the As-Se glasses
are easy to form by quenching and have been prepared from
the melt and vapor. Experimental evidence indicates that
the quenched glasses retain the local coordination of the
liquid, which, in turn, is closely related to the molecular
structures of the crystalliue forms (My 67). Ge has not
been quenched from the melt. X-ray studies (Kr 69) (Br 71b)
show the glass structure to be closely related to the
crystalline form in contrast to the liguid which has very
low viscosity and shows metallic conduction. Amorphous Ge
has been prepared by (Br 71b) evaporation, sputtering, glcw
discharge, electrolysis, ion implantation, transformation
of a high-pressure-crystalline polymorph (Bu 71), and

phase separation from a Ge-GeO_ solution (deN 71). While

2
a-Ge films prepared by varicus techniques appear to be

structurally similar, their properties vary widely.

Quenching

The most common preparative method is quenching
from the melt or vapor. Melt quenching rates extend from
~ 1072 °¢c/second in an annealing furnace, to 10° - 10*
°c/second in strip furnaces, to 105 - 107 °c/second by the
more complex splat cooling techniques (Sa 68). Vapor
A quenching rates overlap the Ligh end of this range and

9
rates as high as 10*5 °c/second have been reported (No 69).

; The choice of method is usually dictated by the material
1 of interest since the faster quench rates are achieved at

greater experimental complexity and cost. The number of
i nucleii and crystal growth rate determine the minimum

required quench rate (Tu 69a).
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1. Vapor Deposition

Vapor deposition is the most commonly used
technique for materials considered in this report. A
number of special techniques have been developed and will
be mentioned here in the context of advantages or disad-
vantages in the preparation of amorphous semiconductors.
Numerous reviews on thin-film preparation are available
for furtuer information on specific systems, techniques,

and materials (Ch 69) (Mai 70).

All vacuurm deposition systems consist of several
basic elemants, a vacuum chamber, a source of the material
to be deposited, a substrate and associated fixturing. A
most significant factor is the amount and nature of contam-
inants, including the ever present atmospheric gases,
available for incorporation into the material of interest.
All pumping systems cxcept cryosorption contribute some
foreign material, e.g., hydrocarbons, Ti, and Hg. Fortunately,
mercury pumps are rarely if ever used in this application
since some materials, such as Se, are excellent getters
for Hg vapor. 1In addition, systems vary in their pumping
speed for various atmospheric gases, in effect concentrating
certain species. The surface of the film being deposited
is exposed to sufficient background gases to condense ~ 4
monolayers per second at 10™° Torr and at 10™° Torr
~ 4 x 10~4 monoiayers/sec. What, if any, material is
incorporated, how it is incorporated and its effect must
be individually considered. It is frequently noted that

it becomes more difficult to quench an amorphous film at
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higher vacuums indicating a stabilizing effect of impurity

incorporation.

The substrate temperature during sample prepara-
tion is a particularly important parameter. Too low a
temperature results in low-density films with poor adhesion.
At higher temperatures there may be sufficient mobility only
to allow complete replication of the substrate, while
slightly above this there is sufficient flow to provide
very smooth surfaces and higher densities. 2t still higher
temperatures, crystallization begins and the ability to
quench an amorphous phase is lost. Since physical and
molecular structure can be affected by quench rate and
annealing, other measured properties may vary with substrate

temperature at preparation.

The classical method of providing a vapor of the
desired mater.al at the substrate is evaporation. The
sophistication comes in the choice of heating methods.
Simple resistance or RF induction heating of a source is
appealing because of its simplicity, but introduces problems
of contamination and fractional distillation (Ef 69) in
multicomponent materials. The first problem can be mini-
mized by prcper choice of crucible material or elimirated
by using the material as its own crucible. The most
common method for this is electron bombardment where a
focused electron beam causes evaporation from a small
heated region on the surface of a larger piece of the
material of interest. Such localized heating can also be

accomplished by energy absorbed from a laser source which
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is physically located outside the vacuum chamber. If the
source material is sufficiently electrically conducting,
exploding wire and arc methods are also pcssible although
more commonly used for metals and refractory materials.
These methods all subject the evaporating material to high
energies and high local temperatures, which may produce

different vapor species thin simple thermal sources.

The problem of fractional distillation is
commonly circumvented by coevaporation or flilash evaporation
techniques. In coevaporation, different components are
fed into the vapor stream from separate sources. Stoichi-
ometry is controlled by the temperature or surface area of
each source. Feedback control of deposition rate by source
temperature is possible, but independent source calibrations
may not be valid due to vapor phase reactions and different
accommodation coefficients of the actual film. While
uniform distribution of the major components can be achieved,
impurities may still fractionally distill from each source
resulting in their concentration at one or both film

surfaces.

In flash evaporation, material is continuously
fed into a source at a rate slow enough to prevent the
buildup of a pool of molten material so that tle instan-
taneous average composition of the vapor is that of the
feed material. This method is slow, inefficient, and
usually results in films with numerous defects due to
spatter of solid and liquid material from the source. A

variation uses continuous feed to a pool of molten material
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with the rate controlled so that the vapor is of constant
composition, although different from that of the feed

material.

The source temperature controls the evaporation
rate and may affect the vapor species and, by means of
radiart heating, the film temperature. The condensation
rate is also dependent on the evaporation rate but subject
to some independent control through substrate temperature.
Film properties may be affected by the deposition rate in
‘ several ways. Fast deposition favors low-density films

since there may be insufficient time for surface mobility

processes, while slow deposition allows more time for
reaction with and incorporation of residual gas species

present in the vacuum chamber.

Sputtering is another method that can avoid
fractionation effects and is finding ever wider application,
including conmercial use at ECD (Nea 70b). The surface of
the material to be deposited is the target of bombardment
by energetic ions which sputter target material free to be
collected on the substrate. The ions can be inert, Ar
being the most popular, or reactive where the desired
deposit is a compound of the target material, and a second
component such as O or S is introduced with the sputtering

-4 gaS.

The basic characteristics that make sputtering
attractive are many. A clean substrate can be prepared by
using it as a target and sputtering away surface contami-

nants before deposition. The sputtered species are
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themselves highly energetic and provide dense and highly
adherent films, providing the target is maintained at a
sufficiently low temperature to prevent sublimation
processes. Uniform film composition matching that of a
multicomponent material target is the rule rather than the
exception, although target bulk diffusion, decomposition,
surface reaction, or widely varying sticking coefficients
on the substrate, can cause problems. Large areas of
uniform thickness can be prepared with high efficiency,
although there may be problems with target preparation.
Targets should have an area about twice thai of the film
desired. The deposition rate is easily kept constant and

can be controlled by gas pressures and accelerating voltage.

The method is, of course, not without disadvantages.
The sputtering gas provides an additional potential film
contaminant as well as a contaminant carrier. Although
avoiding the localized intense heating of a thermal source,
the plasma discharge heats large areas with resultant
outgassing. The high-energy species lead to new contami-
nants through reaction with other parts of the system and
cracking of hydrocarbons. Depositiion rates are slow
compared to thermal methods. The additional cost and

complexity of the system may also be a factor.

Many variants of the basic process have been
developed. The substrate can be DC or asymmetrically
AC-biased to provide some bombardment cleaning of absorbed
gases, which would otherwise be trapped at an obvious loss

in efficiency. The systems normally operate at 20-100m
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orr to sustain a discharge. Cleaner films can be obtained
Dy sputtering at lower pressures using a magnetic field to
increase ionization efficiency, an auxiliary source of
electrons or ions, radio frequency excitation, or a combi-
nation of these. Reasonable deposition rates at pressures
as low as 10-4 Torr are possible. RF sputtering also
provides the cleanest method of removiag the surface charge
from an insulating target making sputtering of insulators
possible and significantly increasing the rate for low

conductivity materials. Even under optimum conditions,

sputtering is a relatively slow process. Rates are generally

less than 10 A/sec. compared to 10-1,000 3/sec. for

thermal sources.

Chemical vapor methods requiring heat, such as
vapor phase pyrolysis or highly exothermic reactions, may
not be suitable because unavoidable heating of the substrate
and depositing film results in crystalline deposits.

Thermal pyrolysis of silane above 800°C is used to grow
epitaxial crystalline films of Si. Vapor phase decompo-
sition cf silane in a glow discharge occurs at low temper-
atures and, although slow, results in a-Si films reported
to have dramatically different electrical properties from

those prepared by other methods (Br 71b).

2. Liquid Quenching

For ready glass formers, the techniques of melt
quenching are relatively straightforward and well documented
in the oxide glass literature. Large samples of As-Se,

Ge-As-Se, Ge-Sb-Se (Ta 71) and other glasses of excellent
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optical quality are commercially available. Imvportant
pPrecautions include assuring complete reaction and
chemical homogeneity of multicomponent glasses, vacuum
outgassing, and preventing high-temperature reaction with
crucibles, ampul materials, and ambient atmospheres.
Sample mass and geometry, heat capacity, and thermal con-
ductivity control the achievable quench rate. The basic
parameters involved and methods of predicting required
quench rates have been studied but will not be further
discussed here (Sa 68) (Tu 69d). However, when reporting
quenchability of a glass, actual cooling rates or data
defining sample mass, surface area, etc., should be reported
since the ease of quenching and, therefore, definition of

glass-forming compositions is sample dependent.

Splat cooling (Du 70) is less frequently used
since it often produces samples that are strained and of

an unsuitable geometry and perfection for most measurements,

Other Methods

Solids can be transformed to a disordered state
in a solid-state reaction with the energy provided by
radiation (neutron, a particles, etc.), chear, or chemical
reaction in processes often referred to as amorphization
(Ro 70) . The chemical reaction need not be completely
solid state; in fact, reaction with, or evolution of, a
vapor in an oxidation, reduction, or disproportionation

reaction is often involved.

A variety of other chemical methods are also
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used to prepare glasses. In addition to the vapor and
vapor-solid reactions previously mentioned, there are
numerous solution processes stich as electroplating,
electroless plating, anodization, and polymerization. In
general, films prepared by chemical processes are subject
to wide property variations dve to trapped impurities,
poor stoichiometry control, and inhomogeneities resulting

from incomplete reactions.

Sample Environment

In addition to the preparation of the amorphous
layer, one must consider the total sample including sub-

strate, electrodes, and free surfaces.

The choice of a substrate is generally determined

by the measurement to be made but must be consistent with

a set of secondary restraints. Matching thermal expansion
coefficients is important, especially if measurements are
to be made as a function of temperature or if deposition

is at a temperature far from ambient. Glasses are brittle
below Tg and will crack easily, especially under tension.
Sample flow may also occur during measurements above T
resulting in lack of reproducibility due only to a new

film thickness.

A second consideration is chemical reactivity.
Reaction of the depositing vapor or liquid with the sub-
strate or adsorbed films, or slower diffusional processes,
can result in alloy c¢r compound formation. In addition,

gas diffusion through the sample and reaction with the

electrode is possible. If electrical measurements are to




VRN YOy

37

be made, the electrodes, including the substrate if it
serves as an electrode, may be chosen for their blocking
or injecting characteristics. Chemical reactions with the
layer or diffusing gases may result in an electrode with
entirely unexpected behavior (Ut 71). It has recently
been suggested (Br 7la) that only noneutectic forming
metals should be used for electrodes and that much earlier
data need reexamination. The substrate can also serve as
a source of nucleation sites for crystal growth in the

sample.

Chemical reaction of a free surface with the
ambient atmosphere is another possibility. The surfaces
of As-Se films have been shown (Tr 69) to oxidize in air
at room temperature yielding crystalline A5203 and a
surface glass layer rich in Se.

One must never forget that these materials are
in a metastable state with respect to a crystalline or
phase separated form. Transformations may occur slowly
but continuously without external stimulation, or more
rapidly when external influences are present. The
crystallization of Se in the presence of light (Dr 68) or
water vapor (Chi 67) is one example. Many problems can be
avoided by storing samples at low temperatures, in the
dark and in an inert atmosphere. Encapsulation may be

considered where practical.
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Iv. CHARACTERIZATION

The importance of materials characterization has
been recently addressed in the report of the MAB Committee

on Characterization of Materials (MAB 67). It states,

Clearly, much of solid-state research

is concerned with tl: effort to under-

stand properties, in terms of a particular
composition and structure, but it cannot
be emphasized too strongly that a substantial
fraction of this effort is of marginal value
because it is carried on without a clear
understanding of the true nature of, and
need for, characterization, and it fails

to distinquish between property studies on
characterized and uncharacterized materials.

One has only to leaf through a collection of current
papers in the field of amorphous semiconductors to be con-
vinced that the problem exists here. While a majority
of the experimental papers give some preparative information,
few report any attempt at characterization outside the
specific measurement to which the paper is addressed, and
certainly none to the standards proposed in the MAB
report. It is characteristic of the field that in approxi-
mately 2000 pages (Ch 69, Mai 70) reviewing the preparation
and propex~ties of thin film less than 40 are devoted to
struc._are and composition, and neariy half of these discuss
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